Abstract. Based on the Matrix-Operator Method the radiative transfer code STORM (STOkes vector Radiative transfer Model) is introduced, which was developed in a joint project of DLR and Institut für Weltraumwissenschaften-Freie Universität Berlin. STORM calculates the Stokes parameters (I, Q, U, V ) in a plane parallel, multi layered atmosphere in the visible and near infrared spectral range. The scattering characteristics of aerosols are determined by Mie theory. The surface represents a Lambertian reflector or a wind ruffled water surface described by Cox-Munk model. The results of one calculation are the upward and downward directed Stokes parameters for one wavelength at a desired number of sun incident and viewing angles at varying altitudes in the principal plane and other azimuth angles. STORM is applied for an analysis in view of designing downward looking Earth observing optical remote sensing systems and values of the degree of polarization are presented as generic basis for remote sensing system design and data processing.
Introduction
Polarization of light passing an atmosphere-surface system affects the measurements of earth observing optical instruments. There are several possibilities to care for this effect. One is to measure the polarization of the incoming radiation. This allows the use of additional information for better retrieval of parameters of the observed system Leroy et al., 1997; Deuze et al., 2001a,b; Goloub et al., 1999) . Another possibility is to correct the polarization sensitivity by optical polarization scrambler systems (GOME, 1995) . But one can also study the observed systems to find out if polarization is significant for the desired measurements. This was the motivation of this study for the design of airborne spectrometers to provide an insight into Correspondence to: U. Böttger (Ute.Boettger@dlr.de) the polarization variability of the radiation due to effects of atmosphere and surface. This allows the estimation of a maximum acceptable instrumental polarization sensitivity to ensure that the polarization uncertainty of the measurements is below a critical limit.
In this paper the radiative transfer code STORM (STOkes vector Radiative transfer Model) to solve the radiative transfer equation for the full Stokes vector for varying flight altitudes, wavelengths and viewing geometry is introduced. The radiative transfer code considers Lambertian and specular reflecting surfaces. The concept of a Lambertian surface stands for fully depolarizing reflection, whereas a specular reflecting surface polarizes the incident light in dependence on viewing geometry and reaches full polarization at the Brewster angle. With these two concepts the extreme cases of polarization reflection features of land and water surfaces have been considered, covering their full variability. Different aerosol types and a pure Rayleigh atmosphere are considered.
Polarization of light in an atmosphere-surface system
Radiation in the visible and near infrared spectral region is considerably polarized (Coulson, 1988) . The Stokes parameters (I, Q, U, V ) are used to describe the full state of radiation (Chandrasekhar, 1950) : I is the intensity. Q, U describe the part of linear polarized light and the plane of polarization. V discriminates between linear, elliptic or circular polarization. (I l , I r , U, V ) is another widely used description with I = I l + I r and Q = I l − I r where l and r stand for parallel and perpendicular to a reference plane component. The degree of polarization is defined as
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The plane of polarization χ is defined as
Polarization is caused by interaction of the incoming unpolarized solar irradiance with the atmosphere and the surface. The important processes causing polarization of light in nature are scattering at gas, aerosol and cloud particles in the atmosphere and reflection at soil, sand, vegetation, water and other surface types.
The degree of polarization in the atmosphere depends in a very complex way on the various atmospheric parameters like Rayleigh and aerosol optical thickness, aerosol type and their spectral properties Deuze et al., 2001b,a) . Light single scattered at Rayleigh particles is fully polarized at 90 • scattering angle despite of a small depolarization factor (Chandrasekhar, 1950) . Multiple scattering processes depend directly on optical thickness (Iqbal, 1983) and decrease the maximum value of the degree of polarization without changing its viewing angle position for a specific sun incident angle. Non-absorbing or weakly absorbing aerosols have a depolarizing effect on the maximum of the degree of polarization of a Rayleigh atmosphere. Additional neutral points can be observed. The maximum degree of polarization decreases continuously from the top of atmosphere (TOA) to lower flight altitudes. This behaviour is independent of the sun incident angle. The degree of polarization of an aerosol loaded atmosphere can increase in specific cases to a maximum of 70% but ranges in dependence on wavelength and viewing geometry normally around 35%.
The plane of polarization defined by the angle χ (Eq. 2) is relatively independent of wavelength and Lambert surface reflection (Coulson, 1988) . The only exception is the region of neutral points, where χ undergoes a sign change. Multiple scattering has little effect on the plane of polarization in contrary to the noticeable effect on the degree of polarization.
If gaseous absorption must be taken into account (e.g. in the spectral range of the O 2 − A band around 760 nm), the relative change (increase or decrease) of the degree of polarization compared to the absorption-free spectral range near this band depends on the absolute value of the gas absorption as well as on the flight altitude and the height distribution of aerosols and gases in the atmosphere (Preusker et al., 1995) . Normally the degree of polarization increases with increasing absorption due to the decrease of multiple scattering and tend towards a Rayleigh like single scattering behaviour.
Natural surfaces are a complex mixture of different materials in all three phases (solid, liquid, gaseous). The interaction of electromagnetic radiation with natural surfaces is characterized by texture, chemical and mineral compounds, moisture and density Coulson, 1988; Egan, 1985) . Unpolarized light reflected by mineral surfaces (sand and other soils) is partially polarized and the degree of polarization ranges between 0% and maximum 40%.
The polarized part of light reflected by vegetation is caused by specular reflection at the surfaces of the leafs (Vanderbilt and Grant, 1985; Breon et al., 1995) . For most conditions the values are below 30% (Vanderbilt, 2001) .
Light incident on water surfaces is reflected and transmitted according to Fresnel's law and polarized in dependence on incident angle. The maximum degree of polarization is reached at the Brewster angle, which is about 53 • for water. Directly above a wind ruffled water surface two maxima of the degree of polarization occur at the Brewster angle (in forward and backscattering direction) that can reach about 100%. At flight altitudes larger than or equal to 3000m in forward scattering direction two other maxima of the degree of polarization (specular reflection at water surface and Rayleigh scattering of the atmosphere) superpose. The degree of polarization decreases with increasing flight altitude or remains unchanged in dependence on aerosol type and optical thickness and reaches values larger than 90%.
Light reflected at a Lambertian surface is unpolarized, that means Lambertian reflection does not produce polarization and fully depolarize incident light. The degree of polarization at the top of an atmosphere-Lambertian-surface-system is greater than zero due to the atmospheric influence. The maximum degree of polarization decreases from top of atmosphere to lower flight altitudes for an aerosol loaded atmosphere with low Lambertian surface reflection or with no surface reflection. The degree of polarization reaches maximum values of 45% and medium values of < 15% for aerosol loaded atmospheres above a surface of an albedo of 0.05. Increasing surface albedo reduces the degree of polarization at all viewing angles and all flight altitudes drastically.
Radiative transfer method used in STORM
The radiation field in the atmosphere is determined by single and multiple scattering at air molecules, aerosols and droplets and by interaction with the surface. Starting point for the investigation of single and multiple scattering effects in an atmosphere-surface system is the radiative transfer equation (Chandrasekhar, 1950) 
with µ = cos θ . Here I (τ, µ, φ) is the full Stokes vector of the diffuse scattered radiation field at boundary τ . θ and φ are the zenith and azimuth angles, respectively. S 0 is the spectral solar flux incident at the top of atmosphere, µ 0 and φ 0 are the cosine of zenith angle and azimuth of incident solar flux, µ and φ are the corresponding values in viewing direction. transfer equation is valid for plane parallel atmospheres. A plane parallel vertically inhomogeneous atmosphere-surface system can be approximated by a number of homogeneous layers. The local dependence is described only by the optical thickness τ , which is an integral value of extinction over flight altitude. Refractive characteristics of the atmosphere are not considered. The first term on the right side in Eq. 3 describes the first or single scattering process of the radiation in the atmosphere. The second term describes multiple scattering and includes all following scattering processes, that contribute to the Stokes vector I into direction (µ, φ).
To solve the radiative transfer equation for a plane parallel inhomogeneous atmosphere the matrix operator method is used (Plass et al., 1973) . The basis of this method is the interaction principle applied to the transmission, reflection and source operators for a single layer, which relates the upward and downward directed incident and emerging radiation and the sources of this layer with each other. These operators are retrieved by a coefficient comparison of the radiative transfer equation written in matrix form with the interaction principle for infinitesimal layers. The application of the general interaction principle determines the transmission, reflection and source operators for the whole atmosphere-surface system, and the diffuse upward and downward Stokes vectors at the top and bottom of the atmosphere and at every internal layer. So the reflection, transmission and source operators can be calculated for the whole atmosphere-surface system and the upward and downward diffuse radiation field can be derived at every boundary in vertically inhomogeneous atmospheres.
The surface is treated here as an additional layer with special reflection operators and no transmission. For an isotropically reflecting surface the model of a Lambertian reflector is applied, which transforms any incident radiation distribution into a uniform unpolarized distribution. The reflection at a wind ruffled water surface is described by Fresnel's law combined with a surface wind speed dependent probability distribution of the slope of the water surface developed by Cox and Munk (1954) .
Based on the Matrix-Operator Method the radiative transfer code STORM (STOkes vector Radiative transfer Model) (Fig. 1 ) was developed in a joint project of DLR and Institut für Weltraumwissenschaften -Freie Universität Berlin (Böttger, 1997; Fell and Fischer, 2001) . STORM calculates the Stokes parameters (I , Q, U , V ) in a plane parallel, multi layered atmosphere. The scattering characteristics of aerosols are determined by Mie theory. The surface represents a Lambertian reflector or a wind ruffled water surface. The results of one calculation are the upward and downward directed Stokes parameters (I , Q, U , V ) for one wavelength at a desired number of sun incident and viewing angles at varying flight altitudes in the principal plane and other azimuth angles. A comparison of the Stokes parameters with 332 U. Böttger and R. Preusker: STORM values calculated analytically and tabulated by K.L. Coulson (1960) for a Rayleigh atmosphere for different values of aerosol optical thickness and surface albedo gave an accuracy of STORM much better than 1% and only for large sun incident and viewing angles better than 2%.
Flight altitude dependence of the degree of polarization
To describe the polarization at varying flight altitudes it is necessary to perform radiative transfer calculations of the Stokes parameters as there is no measured data available to analyze the flight altitude dependence systematically. STORM is used to perform these calculations. The Stokes parameters are calculated for 13 sun incident and viewing angles at Gauss-Lobatto-quadrature points, which is considered as sufficient to guarantee an acceptable accuracy for the purpose of this paper. The atmosphere consists of a boundary layer (0 km -2 km) containing urban, continental or maritime aerosol types. Above the boundary layer (2 km -12 km) continental background aerosol is chosen as tropospheric aerosol. The upper layer (12 km -90 km) contains a background stratospheric aerosol. The layering corresponds to the proposal of WCP (1986). The surface is described by a Lambertian reflector and by a wind ruffled water surface. As this study is performed for downward looking Earth observing airborne optical sensors some parameters are fixed consciously. To cover the visible and near infrared spectral range and to save computing time two wavelengths 443 nm and 865 nm are chosen to represent the visible and near infrared spectral range.
The field of view (FOV) is taken between ± 50 • , which covers the viewing angle range of optical sensors sufficiently. Only values within this viewing angle range are analyzed.
Five boundary layer aerosol types (maritime 70% and 99% humidity, continental, urban 80% humidity and a mixture of continental and maritime 99% humidity) are considered for different boundary layer aerosol optical thickness. So nine cases of aerosol loaded atmosphere and one pure Rayleigh case are included into the analysis.
The sensor altitude is fixed at 0 km, 3 km, 5 km, 7 km and at top of atmosphere, representing typical situations for airborne and satellite remote sensing systems. The surface albedos of 0% and 20% cover the range of urban and rural isotropically reflecting areas. With an albedo of 0% the strongest polarization of the atmosphere is modelled. A wind speed of 6 m/s are chosen for a wind ruffled water surface to represent the case of extreme anisotropic reflection.
The variability of the degree of polarization with flight altitude, P deg (θ ), is analyzed investigating the dependence on viewing geometry, on surface type, on boundary layer aerosol type and optical thickness. Most attention is concentrated on the study of the behavior of the maximum value of the degree of polarization P max , to illustrate the worst case scenario. Linear polarization is assumed as circular polarization can be neglected for the cases considered here.
In Fig. 2 the upward degree of polarization is shown in the principal plane in dependence on viewing zenith angle and flight altitude for λ = 865 nm. The principal plane is chosen, because for these azimuths the viewing angle dependence of P deg (θ) shows the strongest features and largest values. The albedo is 0 (upper two graphs) and .2 (middle two graphs) and a wind ruffled water surface 6 m/s (lower two graphs). The graphs in the right column correspond to a pure Rayleigh case. The left column corresponds to an aerosol loaded atmosphere. As there is no surface contribution in for albedo 0 (upper graphs) the pure atmospheric polarization can be studied. The angular position of P max can be seen more or less pronounced for all cases around the scattering angle of 90 • . For the Rayleigh case (right graph) the highest value of the degree of polarization is reached. Because of the increase of total optical thickness and because of the different scattering characteristics of aerosols and Rayleigh particles P max decreases if non-absorbing or weakly absorbing aerosols are contributed regardless of the aerosol type. For azimuth φ = 180 • the degree of polarization shows lower values than for φ = 0 • . Neutral points can be observed. The values of P deg (θ ) between the neutral points depend on aerosol type and aerosol optical thickness.
For φ = 0 • the value of P max decreases continuously from the top of atmosphere (TOA) to lower flight altitudes for all aerosol loaded atmospheres. This behaviour is independent of the sun incident angle. The decrease is due to the relative decrease of Rayleigh scattering (i.e. Rayleigh optical thickness) compared to aerosol scattering contribution (i.e. aerosol optical thickness) with decreasing flight altitude and depends on aerosol type and on aerosol optical thickness. Values of P max of 50% can be reached, excluding the Rayleigh case. For the pure Rayleigh case almost no change (443 nm) or an increase (865 nm) of the degree of polarization for lower flight altitudes can be observed (no graph). The increase can be explained with the decreasing Rayleigh optical thickness, leading to lower multiple scattering contributions. This is important to take into account if measurements are made at very clear atmospheric conditions. In the backward scattering viewing angle region (φ = 180 • ) the degree of polarization changes less with flight altitude and the value of the maximum degree of polarization is much smaller than for φ = 0 • . Some of the cases show a slight increase with decreasing flight altitude, and values of 17% can be reached at 3000 m.
For Lambertian surface with an albedo of 20% (middle graphs) the contribution due to surface reflection leads to a strong decrease of P deg (θ) at all viewing angles. The continuous decrease of the value of P max from the top of atmosphere (TOA) to lower flight altitude is very small but exists. The mentioned behavior due to surface albedo is independent of sun incident angle, wavelength and aerosol type.
The behavior of the degree of polarization changes sig- nificantly, if a wind ruffled water surface, as an extreme anisotropic reflection, is considered (lower graphs). For a wind ruffled water surface (here with a wind speed of 6 m/s) two maxima of the degree of polarization above surface and at 10m flight altitude are seen. The position of these maxima corresponds to the Brewster angle at which a maximum degree of polarization is expected. Because of the surface roughness and reflected skylight this maximum occurs also in backward direction (φ = 180 • ). This bidirectional behavior of P deg (θ) doesn't change significantly if the surface wind speed is 2 m/s (not shown). At 3000m flight altitude the surface degree of polarization is masked by the atmosphere. The backward maximum of the degree of polarization disappears, since surface reflected radiance is much lower than the scattered atmospheric radiation and so the atmospheric polarization is dominant. The atmospheric maximum at 90 • scattering angle occurs and is superposing with the maximum at the Brewster angle. Large sun incident angles thus show the phenomenon of two maxima of the degree of polarization for φ = 0 • .
Compared to the cases with Lambertian reflection and no reflection the wind ruffled water surface can lead to high values of the degree of polarization at all flight altitudes for φ = 0 • . The values and the slope of the maximum polarization depend on aerosol type and on aerosol optical thickness. Values of the degree of polarization between 10% and 90% are reached for flight altitudes between top of atmosphere and 3000 m. Directly above surface (0 m and 10 m) the value of P max reaches the highest values of more than 90%, which is also true for φ = 180 • . Hence if no information about the boundary layer aerosol is available, high values of the degree of polarization must be assumed. In backward scattering direction the values of the maximum degree of polarization show a slight increase or no change from top of atmosphere to 3000m. The values range between 2% and 20% in dependence on aerosol type and aerosol optical thickness. The dependence of P max on total optical thickness is shown in Fig. 3 . The change of total optical thickness is simulated changing the boundary layer aerosol optical thickness. For a black albedo (upper graph) the decrease of P max with increasing optical thickness is obvious. The explanation is, as mentioned already above, the increase of multiple scattering processes with increasing optical thickness which leads to a decrease of the maximum degree of polarization. This changes if the albedo is increased to 0.2 (middle part of the figure). For small values of the optical thickness the de- crease of the degree of polarization is pronounced compared to the case of zero surface albedo, whereas for large optical thickness this decrease is very small. Thus the effect of surface albedo on P max is larger for small optical thickness and vanishes with increasing optical thickness. This is interesting to notice for measurements in the near infrared spectral range above urban or arid regions that can be described by Lambertian reflection. As most of such surface types show an increase of reflection with increasing wavelength one can expect that the degree of polarization reaches only small values regardless that the optical thickness decreases with increasing wavelength. If a rough water surface is present the aerosol optical thickness has a large influence on the value of P max (lower graph) from top of atmosphere to 3000 m. Small optical thickness corresponds to large values of the degree of polarization. With increasing optical thickness the value of P max decreases and reaches values compared to the case with no or Lambertian reflection. Directly above surface, the influence of the optical thickness on the degree of polarization is low. Even for large optical thickness, the value of the degree of polarization is about 90% directly above surface.
Summary
The radiative transfer code STORM is used to analyze the height dependence of the degree of polarization at several wavelength and viewing geometries. Maximum values of the degree of polarization occur at scattering angles of 90 • for all wavelengths, flight altitudes, aerosol types and optical thickness.
Pure Rayleigh atmospheres with no Lambertian reflection show the highest values of the degree of polarization. Values of the degree of polarization are larger for φ = 0 • than for φ = 180 • . The maximum degree of polarization decreases from TOA to lower flight altitudes for aerosol loaded atmospheres with no surface reflection or Lambertian surface reflection. The degree of polarization reaches values of 55% for φ = 0 • and less than 20% for φ = 180 • for aerosol loaded atmospheres above a black surface. Increasing surface albedo reduces the degree of polarization at all viewing angles and all flight altitudes. This effect is strongest for atmospheric conditions with little aerosol load.
Above wind ruffled water surfaces two maxima of the degree of polarization superpose at flight altitudes larger than 3000 m for φ = 0 • . The degree of polarization decreases with increasing flight altitude or remains unchanged in dependence on aerosol type and optical thickness. It reaches values larger than 90%. Directly above a wind ruffled water surface two maxima at the Brewster angle (for φ = 0 • and φ = 180 • ) occur.
For small optical thickness the maximum degree of polarization depends on surface type. For large optical thickness the degree of polarization is almost independent of surface and aerosol type.
Summarizing, the flight altitudes dependence of the degree of polarization is determined by surface and aerosol type and aerosol optical thickness. In order to estimate the maximum acceptable instrumental polarization sensitivity, it is, therefore, important to check and to define the targets of interest (surfaces to be observed) and the measurement conditions (sun incident angle during measurement, atmospheric conditions) carefully. In this way reasonable assumptions of expected values of the degree of polarization can be made.
